Abstract. Gastric cancer stem cells (GCSCs) have an important role in metastasis and recurrence of gastric cancer, and novel treatment strategies that target GCSCs are urgently required. Although evodiamine (Evo), a derivative of the traditional herbal medicine Evodia rutaecarpa, has been reported to have various biological effects, its effect on GCSCs remains unknown. In order to determine the effect of Evo on apoptosis of GCSCs, an MTS assay, flow cytometry and western blot analysis were performed. The effect of Evo on self-renewal in GCSCs was measured by alterations in the sphere formation ability, the expression of induced-pluripotent stem cell factors, expression of epithelial-to-mesenchymal transition (EMT) factors and oxaliplatin resistance of gastric cancer cells (GCCs). Evo inhibited proliferation, promoted the Bax/B-cell lymphoma 2 ratio and altered active caspase-3 expression of GCSCs. In addition, Evo decreased the sphere formation ability, the expression of Sox2, KLF4, Bmi-1 and Oct4, and oxaliplatin resistance in GCCs. Evo decreased the expression of Slug, Twist, Zeb1 and vimentin, suggesting an inhibitory effect on EMT. Furthermore, the expression of β-catenin, c-Myc and cyclin D1 was decreased in Evo-treated spheroids from GCCs. In conclusion, Evo inhibited the Wnt/β-catenin signaling pathway to inhibit proliferation and stem cell properties of GCSCs and repressed the EMT. The present findings highlight the prospect of Evo as a CSCs-targeted therapy in gastric cancer.
Introduction
Gastric cancer is one of the most common types of cancer and the leading cause of cancer fatality worldwide (1) . The overall prognosis is poor, with a 5-year survival rate of <40%, primarily due to recurrence and distant metastasis (2) . Recently, gastric cancer stem cells (GCSCs) were shown to promote tumorigenesis, aggressive growth, recurrence, metastasis and drug resistance, generating opportunities for the development of novel GCSC-targeted therapies in the treatment of gastric cancer (3, 4) . Conventional anticancer treatments, such as surgery, systemic chemotherapy and ablative therapy, which can kill only differentiated cancer cells, result in tumor size reduction; however, they are often linked with gastric cancer relapses after some time. This relapse may be due to the presence of the residual GCSCs, demonstrating the requirement to develop drugs that specifically target cancer stem cells (CSCs).
GCSCs were first isolated and identified in 2009 and exhibit the stem cell properties self-renewal, multiple differentiation and strong tumorigenicity (5) . Strong evidence has previously demonstrated that GCSCs are the major cause of invasion (6) . The source of GCSCs remains unknown, although it has been postulated to originate from normal stem cells (SCs) that have undergone malignant transformation or progenitor cells that suffer oncogenic mutations and reactivation of stemness-related properties (4) . Additionally, a previous study has indicated that epithelial-to-mesenchymal transition (EMT)-related proteins were associated with CSC-like properties in gastric cancer, which suggested that the EMT can generate GCSCs, although the role of this process remains a matter of debate (7) . There are multiple signaling pathways that are essential for the maintenance of CSCs, including the Notch pathway, Hedgehog pathway, bone morphogenetic protein signaling, epidermal growth factor pathway and Wnt pathway (8) (9) (10) . The Wnt pathways regulate cell growth, proliferation and survival, and abnormal activity of this pathway has been shown to promote self-renewal of CSCs, particularly in lung (11) , breast (12) and colon cancer SCs (13 (16, 17) . The strong antitumor effects of Evo occur via different mechanisms in a variety of tumors. In colon cancer, Evo activated c-Jun N-terminal kinase, leading to subsequent activation of apoptosis and G2/M arrest (18) . Evo may inhibit transforming growth factor-β1-induced EMT in NRK52E cells via the Smad and peroxisome proliferator-activated receptor-γ pathway (19) . Additionally, Evo inhibited growth and induced apoptosis and autophagy in gastric cancer (20) . Thus far, the effect of Evo on GCSCs remains unclear.
In the present study, the effects of Evo on the viability of GCSCs and signaling pathways regulating apoptosis and self-renewal in GCSCs were investigated. These findings provide a new option for the treatment of gastric cancer by specifically targeting GCSCs.
Materials and methods
Cell lines and culture. Gastric cancer cell lines AGS and SGC7901 were purchased from the Cell Bank of the Shanghai Branch of the Chinese Academy of Sciences, Shanghai Institute of Cell Biology (Shanghai, China). The gastric cancer cell lines were cultured in RPMI-1640 medium (Gibco, Thermo Fisher Scientific, Grand Island, NY, USA) supplemented with 100 U/ml penicillin, 100 µg/ml streptomycin and 10% fetal bovine serum, and maintained at 37˚C in a 5% CO 2 humid atmosphere. Cancer stem cells were enriched from these cells at 1x10 4 cells/well in serum-free medium [20 µg/l epidermal growth factor (Invitrogen, Carlsbad, CA, USA)], 1X B27 (Invitrogen), 20 µg/l basic fibroblast growth factor (Invitrogen), 0.4% bovine serum albumin (Roche, Mannhein, Germany), 4 mg/l insulin (Invitrogen) and 200 IU/ml penicillin/streptomycin (Sangon Biotech Co., Ltd., Shanghai, China) on poly-HEMA-coated 6-well plates (Corning, New York, NY, USA).
Reagents. Evo (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in dimethylsulfoxide (DMSO; Sigma-Aldrich) to generate a 30-mM stock solution and diluted in RPMI-1640 medium (Gibco) prior to use. The final concentration of DMSO in all cell culture was <0.5% and did not have any harmful effects on cell growth.
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) was purchased from Promega (Madison, WI, USA). The Annexin V-FITC reagent and propidium iodide (PI) were supplied by BD Biosciences (San Jose, CA, USA), and the β-catenin/Tcf inhibitor was purchased from Merck (Merck KGaA, Darmstadt, Germany). Western blot analysis. AGS and SGC7901 cells and CSCs enriched from them were harvested and lysed in 350 ml radioimmunoprecipitation assay buffer. Proteins were resolved using 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electrophoretically transferred onto nitrocellulose membranes. Membranes were incubated overnight at 4˚C with the following primary monoclonal antibodies: B-cell lymphoma 2 (Bcl-2; ab32124; rabbit monoclonal to human), Bax (ab7977; rabbit polyclonal to human), caspase-3 (ab2171; mouse monoclonal to human), β-catenin (ab6302; rabbit polyclonal to human), c-Myc (ab32072; rabbit monoclonal to human), cyclin D1 (ab16663; rabbit monoclonal to human), E-cadherin (ab1416; mouse monoclonal to human), vimentin (ab133260; rabbit monoclonal to human), Slug (ab27568; rabbit polyclonal to human), Twist (ab50581; rabbit polyclonal to human; 1:1,000-2,000; Epitomics, Burlingame, CA, USA), Bmi1 (ab38295; rabbit polyclonal to human), Sox2 (ab97959; rabbit polyclonal to human), Oct4 (ab18976; rabbit polyclonal to human), kruppel-like factor (KLF)4 (ab72543; rabbit polyclonal to human; 1:500-1:1,000; Abcam, Cambridge, UK), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; KC-5G4; mouse monoclonal to human) (1:5,000; Kangcheng Biology Engineering Co., Ltd., Shanghai, China). After five washes, membranes were incubated with a horseradish peroxidase-labeled goat anti-rabbit polyclonal antibody (1:2;000; Jackson ImmunoResearch Laboratory, West Grove, PA, USA) at room temperature for 1 h. The reactive bands were detected using enhanced chemiluminescence (Cell Signaling Technology, Beverley, MA, USA).
MTS
Sphere formation assay. AGS and SGC7901 cells were seeded in poly-HEMA-coated 24-well plates (150 cells/well) with serum-free medium, followed by incubation at 37˚C in a 5% CO 2 atmosphere for 5-7 days. Sphere formation efficiency was calculated as the number of spheres/cell number x 100%.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Detection of mature ribonucleic acids (RNAs) was performed using the TaqMan RT-qPCR method (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's protocol. Total RNA was isolated from AGS and SGC7901 cells using the Rneasy Mini kit (Qiagen, Hilden, Germany); reverse transcription was performed following quantitation using PrimeScript RT reagent kit with gDNA Eraser (Takara, Shiga, Japan). The reverse transcription products were mixed with specific primers and probes, and RT-qPCR was performed. The PCR program was as follows: 95˚C for 30 sec, followed by 40 cycles of 5 sec at 95˚C and 34 sec at 60˚C. The primers and probe for Sox2 were as follows: Top, 5'-aat gcc ttc atg gtg tgg-3' and bottom, 5'-ctt ctc cgt ctc cga caa a-3'; and probe, 5'Fam-agt ttc cac tcg gcg ccc ag-3'Tamra. The primers and probe for KLF4 were as follows: Top, 5'-ggc act acc gta aac aca cg-3' and bottom, 5'-ctg gca gtg tgg gtc ata tc-3'; and probe: 5'Fam-cag gtc gga cca cct cgc ct-3'Tamra. The primers and probe for Oct4 were as follows: Top, 5'-gtg gag gaa gct gac aac aa-3' and bottom, 5'-aac aaa ttc tcc agg ttg cc-3'; and probe: 5'Fam-tct ctt tcg ggc ctg cac ga-3'Tamra. Relative quantification of RNA levels was normalized to GAPDH and presented using the ∆∆Ct method.
Drug resistance assay. AGS and SGC7901 cells were seeded in a 24-well plate at a density of 1x10 4 cells/well in medium contained oxaliplatin (1.5 µg/ml) (Jiangsu Hengrui Medicine Co., Ltd., Jiangsu, China) or oxaliplatin and Evo (2 µM/4 µM, respectively). The total number of viable AGS and SGC7901 cells were counted on days 3, 5 and 7.
Wound-healing assay. AGS and SGC7901 cells were grown to confluence in 6-cm dishes and wounds were generated using P-200 pipette tips. Cells were treated with or without Evo (2 µM) for 48 h. Phase contrast images were captured at 0 and 48 h.
Statistical analysis.
All the data are presented as mean ± standard deviation (SD) of triplicate experiments and were analyzed with GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA) and SPSS software, version 13.0. Data were checked for normality and equal variances and transformed when necessary to meet the assumption of normal distribution. Comparisons between the two groups were performed using independent sample t-test. Differences between multiple groups were determined using one-way analysis of variance (ANOVA) with least significant difference test or Tamhane's T2 post hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results
Evo inhibits proliferation of GCSCs. The structure of Evo is shown in Fig. 1 . GCSCs were enriched from AGS ( Fig. 2A ) and SGC7901 cells (Fig. 2B) , respectively, in low-attachment plates with serum-free medium. In order to determine the effect of Evo on cell proliferation, an MTS assay was performed. Cell viability was significantly decreased in Evo-treated cells in a dose-and time-dependent manner (Fig. 3) . When the Evo concentration reached 2 µmol/l, the cell survival rates were significantly decreased by 24 Table I . The results showed that evodiamine inhibited the proliferation of GCSCs in a dose-and time-dependent manner.
Evo induces apoptosis in GCSCs.
Flow cytometric analysis was performed to determine the mechanism of Evo-mediated apotosis in GCSCs, and the percentage of Annexin V-positive GCSCs was significantly increased by Evo. Evo (2 µM, 48 h) increased rates of apoptosis from 11.6 to 23.9% and 5.2 to 11.2% in GCSCs from AGS and SGC7901 cells, respectively ( Fig. 4A and B) . These results were confirmed with western blot analysis. Evo elevated the Bcl-2 family members, Bax and active caspase-3, and reduced Bcl-2 in GCSCs ( Fig. 4C and D) . These findings suggested that Evo activated caspase-3-dependent apoptosis in GCSCs.
Evo inhibits the self-renewal of GCSCs. Sphere formation efficiency, a measure of self-renewal, was significantly decreased in the AGS and SGC7901 cells treated with Evo (Fig. 5A) . Subsequently, the effect of Evo on drug resistance in gastric cancer cells (GCCs) was examined. Combination treatment with Evo and oxaliplatin significantly reduced the cell viability in a dose-dependent manner relative to control and oxaliplatin alone in AGS (Fig. 5B) and SGC7901 (Fig. 5C ) cells. Finally, RT-qPCR was performed to detect the expression levels of induced-pluripotent stem (iPS) cell factors. The levels of Sox2, KLF4 and Oct4 were all increased in GCSCs treated with Evo relative to control (P<0.05, ANOVA) (Fig. 5D) . Similarly, western blot analysis revealed that Evo treatment decreased the expression of iPS factors in AGS (Fig. 5E ) and SGC7901 (Fig. 5F ) cells. Taken together, these data indicated that Evo inhibited the self-renewal of GCSCs.
Evo confers resistance of EMT in GCCs. As Evo inhibited anoikis and self-renewal of GCSCs, and recent studies confirmed that the EMT is involved in resistance to anoikis and generation of CSCs, it follows that Evo may induce apoptosis and reduce stemness of GCCs by affecting the EMT process. Therefore, the effect of Evo on the migratory properties of GCCs was examined. The wound-healing migration assay showed that the wound-healing ability of AGS and SGC7901 cells treated with Evo (2 µM for 48 h) was significantly decreased relative to untreated controls ( Fig. 6A and B) . Concordant with the aforementioned observations, Evo reduced the expression of relevant EMT markers in GCCs. Western blot analysis showed that Slug, Twist, Zeb1 and vimentin were reduced with Evo treatment (Fig. 6C) . In summary, Evo repressed EMT in GCCs.
Evo-mediated inhibition of GCSCs is through the Wnt/β-catenin signaling pathway.
The aforementioned experiments demonstrated a clear effect of Evo on GCSCs; however, the molecular mechanism was unclear. Abnormal activation of the Wnt pathway has been described in CSCs, therefore Evo-mediated inhibition of GCSCs is possibly through the Wnt pathway. Using western blot analysis, downstream molecules of Wnt, including c-Myc and cyclin D1, were significantly elevated in GCSCs (Fig. 7A ) and a β-catenin inhibitor and inhibition of the Wnt pathway decreased sphere formation ability and stemness of GCCs (Fig. 7B) . As the Wnt pathway is necessary to maintain self-renewal of GSCS, whether Evo-mediated inhibition of proliferation was via the Wnt pathway was investigated. The expression levels of β-catenin, c-Myc and cyclin D1 in GCSCs were all reduced by Evo in a dose-dependent manner ( Fig. 7C and D) . These findings implicated a role for the Wnt/β-catenin signaling pathway in Evo-induced regulation of GCSC self-renewal.
Discussion
Although CSCs represent only a minor subpopulation of cells within a tumor, they are thought to have a major role in tumor initiation and resistance to chemotherapy. CSCs have been identified in solid tumors in lung, breast and colon cancer. These cells represent a promising target for the development of novel anticancer drugs that can inhibit all CSCs in a tumor and prevent recurrence (21) . Traditional treatments, which receive significant attention in the field of cancer research, often fail, demonstrating the necessity for novel therapeutic options for the treatment of GC. For targeted eradication of GCSCs, several novel strategies have been proposed, including induction of apoptosis in the tumor, manipulation of GCSC cell surface molecules, development of monoclonal antibodies, modulation of the GCSC microenvironment and inhibition of GCSC pathways (3). Treatment with Evo induced apoptosis and inhibited the stemness of GCSCs by inhibiting the Wnt pathway in the present study, thereby providing a therapeutic approach to inhibit GCSC-targeted pathways. Evo is widely used in Chinese herbal medicine, with various effects. In vitro studies showed that Evo could induce apoptosis and autophagy in GCCs (20, 22) . However, whether Evo inhibits proliferation of GC through induction of apoptosis in GCSCs was unclear. In the present study, Evo inhibited the proliferation of GCSCs, as shown by the MTS assay and Evo induced apoptosis of GCSCs, as apparent from flow cytometry. In addition, Evo (8 µM) reduced the expression of an antiapoptotic Bcl-2 family member (such as Bcl-2) in a dose-dependent manner, whereas it significantly elevated proapoptotic Bcl-2 family member proteins (such as Bax), resulting in upregulation of the Bax/Bcl-2 ratio. Thus, it is reasonable to suggest that Evo promoted apoptosis of GCSCs. Additional studies are necessary to further delineate which pathways are involved in Evo-induced apoptosis, the intrinsic or extrinsic apoptotic pathways or both. In addition to the effects of Evo on apoptosis, Evo reduced the spheres formation ability, inhibited the drug resistance of oxaliplatin, and decreased the expression of iPS factors of GCCs, revealing that Evo also inhibited the self-renewal of GCSCs.
The Wnt pathway is a critical signaling axis that regulates developmental processes in the embryo and maintains the self-renewal and differentiation of stem cells (23) . Inhibition of β-catenin was shown to decrease the ability of gastric cancer cell sphere formation. In addition, Evo downregulated the expression of β-catenin, cyclin D1 and c-Myc in GCSCs in a dose-dependent manner, suggesting that Evo inhibited the self-renewal of GCSCs by regulating the Wnt pathway.
The EMT is a fundamental process that is critical for early embryo patterning during gastrulation, wound healing and fibrotic disease (24) . Aberrant induction of the EMT has been shown to have a crucial role in the origination, invasion and metastasis of various tumors, including gastric cancer (25, 26) . Additionally, EMT endows cellular plasticity and the properties of stemness in mammary epithelial cells (27) . The EMT has strong link with iPS factors, such as Oct4 and Sox2 factors (28, 29) , suggesting that the EMT may give rise to cancer stem cells. EMT is also correlated with activity in the Wnt pathway. In particular, Slug, regulated by canonical Wnt signaling, is critically important in EMT-induction of transcription factors (30) . In a wound-healing assay, Evo significantly inhibited the migratory properties of GCCs. This phenomenon was further corroborated by detecting the expression of Slug, Twist, vimentin and Zeb1 in SGC7901 cells treated with Evo. Notably, these were not detected in AGS cells. The present findings suggest that Evo could inhibit the expression of EMT factors in GCCs, perhaps leading to a decrease in stemness of GCCs.
In conclusion, Evo significantly inhibited the proliferation and self-renewal of GCSCs and decreased the expression of EMT factors via downregulation of the Wnt pathway. Given the role of the Wnt pathway in carcinogenesis in GCSCs, Evo may be a potential novel antitumor agent for the treatment of gastric cancer. However, bioavailability of Evo is low, due to its poor water solubility, thereby limiting its anticancer efficacy clinically. Future studies should aim to evaluate the effects of Evo in vivo and to further develop its use as an anticancer drug.
